Human promoters divide into two classes, the low CpG (LCG) and the high CpG (HCG), based on their CpG dinucleotide content. The LCG class of promoters is hyper-methylated and is associated with tissue-specific genes, while the HCG class is hypo-methylated and associated with broadly-expressed genes. By analyzing several chordate genomes separated for hundreds of millions of years, here we show that the divide between low CpG and high CpG promoters is conserved in several distantly related vertebrate taxa (including human, chicken, frog, lizard, and fish), but not in close invertebrate outgroups (sea squirts). Furthermore, LCG and HCG promoters are distinctively associated with tissue-specific and broadly expressed genes in these distantly related vertebrate taxa. Our results indicate that the function of DNA methylation on gene expression is conserved across these vertebrate taxa and suggest that the two classes of promoters have evolved early in vertebrate evolution, as a consequence of the advent of global DNA methylation.
INTRODUCTION

5
Several questions emerge when we synthesize these observations: does the structural bimodality in mammalian promoters exist in other vertebrates? If yes, does the relationship between structural bimodality and expression breadth hold in those species? When did the promoter bimodality evolve? If the structural bimodality coincides with the functional bimodality in distantly related vertebrate species, we can infer that DNA methylation is the underlying link for both phenomena, and that structural and functional promoter bimodality has evolved early in vertebrate evolution, rather than independently several times in different vertebrate taxa. In this study we provide answers to some of these questions, and propose a model for the evolution bimodal vertebrate promoters.
MATERIALS AND METHODS
Genome sequences and annotations
We analyzed six vertebrate and three invertebrate genomes, covering substantial phylogenetic depth. The genome build, source, and gene annotations used in the study are shown in Supplementary Table 1. We present results from the analyses of the following genomes in the main text: zebrafish (Danio rerio), frog (Xenopus tropicalis), chicken (Gallus gallus), human (Homo sapiens), and a sea-squirt (Ciona intestinalis), because these genomes had relatively large numbers of curated RefSeq (Pruitt, Tatusova, and Maglott 2007) gene annotation data (Supplementary Table 1 ). For the human genome, we verified our results by using experimentally characterized highly accurate Transcription Start Site (TSS) annotations available in the Database of Transcription Start Sites (DBTSS; Wakaguri et al. 2008) In all the analyses we removed genes with more than one transcript, to avoid errors in TSS annotation. Promoters were defined as 600 bps regions upstream of TSS. Qualitative results of our analyses did not change when we used 1kb upstream regions as promoters. We also removed promoters that lied within a distance of 3kb from any other gene.
We analyzed patterns of CpG dinucleotide depletion in upstream promoter regions and intragenic regions of several invertebrate and vertebrate genomes, and related them to the known patterns of genomic methylation. Previous studies have shown that while most vertebrate genomes are globally methylated in many different tissue types (Tweedie et al. 1997 and references therein), invertebrates closely related to vertebrates such as urochordate (e.g., sea squirt) and echinoderms (e.g., sea urchin) exhibit 'mosaic' pattern of genomic methylation (Tweedie et al. 1997; Simmen et al. 1999; Suzuki et al. 2007) . In particular, a recent study demonstrated that in the genome of a sea squirt (C. intestinalis), methylation is targeted to only a subset of intragenic regions (Suzuki et al. 2007 ).
We compared normalized CpG content (CpG O/E) of upstream promoter regions (defined as 600 bps upstream of the transcription start site (TSS): results remained the same when 1kb instead of 600bps of upstream regions were analyzed) and of introns. Because our purpose is to compare patterns of intragenic methylation versus upstream promoter regions, we did not include promoter regions downstream of TSS, which often includes first exons and introns (in the human genome, for example, the 5' UTR of several genes are < 100bps in length; Davuluri et al. 2000) . Intron CpG O/E serves as an indicator of the level of genome-wide methylation. Intergenic CpG O/E is not used for this purpose because these genomes differ greatly in terms of genome size and the amount of intergenic regions. In the relatively wellannotated human genome, for example, CpG O/E distributions of intergenic and intronic regions are similar (Supplementary text and Figure S1 ).
Introns of C. intestinalis show two distinctive distributions, one with the mean CpG O/E ~1 and the other with the mean CpG O/E around 0.5 (Suzuki et al. 2007 ; Figure 1F ). This observation is in accord with the finding that the genomic methylation pattern is 'mosaic' in Ciona genome, where intragenic regions of a subset of genes are methylated and others are not methylated (Suzuki et al. 2007 ). The introns with high CpG O/E (~1) represents non-methylated genes, and those with low CpG O/E (~0.5) showcases methylated genes (Suzuki et al. 2007 ; Figure 1F ). In contrast, we found that CpG content of Ciona promoters follows a unimodal distribution with its mean ~1 (CpG occurs at the expected frequency: Figure 1A ) indicating that promoters are largely unmethylated in this genome.
We analyzed distributions of CpG O/E in promoters and introns of another sea squirt, C.
savignyi. Genetic divergence between C. intestinalis and C. savignyi is known to be similar to that between human and chicken (Small et al. 2007 ). We obtained similar results ( Figure S2 ).
The promoter regions follow a unimodal Gaussian distribution with mean ~1, while the intragenic regions show two distinctive curves.
We also analyzed data from sea urchin (Strongylocentrotus purpuratus), which also exhibits a patch DNA methylation pattern (Tweedie et al. 1997) . There are only 131 RefSeq genes from this species that satisfy the criterion of single transcript. Even with this small sample size, results from the promoter and intronic regions of this species are similar to those in the two Ciona genomes ( Figure S2 ). This above pattern in invertebrate genomes is opposite to that in the human genome. As discussed earlier, human promoters exhibit bimodality of hypo-and hyper-methylated portions ( Figure 1E ) whereas introns show a unimodal distribution with mean around 0.2, reflecting heavy global methylation ( Figure 1J ).
Distribution of promoter CpG content is bimodal in distantly related vertebrate species.
Next we investigated if the pattern of promoter and intron CpG depletion found in humans is conserved in non-mammalian vertebrates. We analyzed the following distantly Table 1 ).
In the zebrafish, CpG frequency is approximately 40% of the expected ( Figure 1G ). The observed inter-species differences in intronic CpG O/E could be due to differential methylation levels, or due to the variability of the efficiency of deamination, which is a key step in methylation-induced CpG mutations (Frederico, Kunkel, and Shaw 1993) .
In contrast, upstream promoter regions of all four vertebrate genomes follow two distinctive distributions of LCGs and HCGs ( Figure 1 and Table 1 ). We used an expectationmaximization (EM) algorithm to fit the observed distributions to unimodal, bimodal and trimodal Gaussian distributions and compared the likelihoods (Materials and Methods, Table 1 ).
Bimodality is consistently a far better fit to the observed distributions than unimodal distributions (P < 10 -10 using likelihood ratio test in all species). A recent paper suggested a 'trimodal' distribution rather than bimodal (Weber et al. 2007 ). However, the likelihood of bimodal model was also significantly greater than that of trimodal model in all the species analyzed (P < 10 -10 using likelihood ratio test in all species). Therefore, bimodality of hypo-and hyper-methylated promoters is a common feature in several distantly related vertebrate taxa separated by hundreds of millions of years.
It is known that the G and C nucleotide content (G+C content) and CpG O/E are correlated (Gardiner-Garden and Frommer 1987; Duret and Galtier 2000; Fryxell and Zuckerkandl 2000) . However, the bimodality of CpG O/E is not caused by GC content bimodality; for example, Saxonov, Berg, and Brutlag (2006) showed that G+C contents in human promoter regions follow a Gaussian distribution with one mean. Similarly, we demonstrate that the bimodality of CpG content in promoters is not caused by the underlying distribution of G+C contents (Supplementary text and Figure S3 ).
To test whether the observed pattern is caused by inaccurate TSS annotation, we restricted our analyses to experimentally verified TSS only, using the data from DBTSS (Wakaguri et al. 2008 ). There are 4277 human genes in the DBTSS that overlap with our data set. Analyses of this subset of genes show the same results as those from the whole data set (Supplementary Figure S4) . Therefore, our finding is not caused by bias in TSS annotation.
LCGs are associated with tissue-specific genes and HCGs are associated with broadlyexpressed genes in distantly related vertebrate genomes.
Next, we investigated the functional implication of the observed bimodality. We first analyzed microarray data from humans to compare with previous results. We analyzed the gene expression data from 79 tissues in gene atlas (Su et al. 2004) . Genes with LCG promoters were expressed in fewer tissues (median: 38 tissues) than those with HCG promoters (median: 58 tissues). This difference is statistically significant (Table 2 , Mann-Whitney test, P < 10 To determine whether the same pattern holds in other species, we chose to analyze EST data because they are available from all the species studied here, allowing a meaningful comparison. We obtained EST data from the Unigene database (Wheeler et al. 2003) . We first compared 100 genes with the highest promoter CpG O/E (Top 100; Table 2 ) and the lowest promoter CpG O/E (Bottom 100; Table 2 ). The top 100 had significantly broader expression than the bottom 100 (Table 2 , Mann-Whitney test, P < 10 -6 in all species). Second, we compared the median expression breadths of genes within LCG and HCG classes (obtained by dividing the data where the two Gaussian curves intersected). Genes associated with LCG promoters were expressed in significantly fewer tissues than those with HCG promoters (Table   2 , Mann-Whitney test, P < 10 -3 in all species). Furthermore, the relative frequency of HCG increases with the expression breadth in all the four species analyzed (Figure 2 ).
Vinogradov (2005) has shown that intronic CpG content influences expression breadth, potentially as much as the absence and presence of promoter CpG islands (which is equivalent to the distinction between LCGs and HCGs). To gauge whether promoter bimodality affect expression breadth independent of intronic CpG content, we divided human genes into low and high intronic CpG groups (based on median intronic CpG O/E of 0.17). In each group, LCG genes are expressed in significantly fewer tissues than HCG genes (Supplementary Table 2 ).
Notably, within each promoter class (LCG or HCG) the expression breadth of genes with low and high intronic CpG content are almost identical (Supplementary Table 2 ). Thus, HCG genes tend to be expressed in more tissues on average than LCG genes, and this distinction is independent of intronic CpG content. ).
DISCUSSION
The median germline expression level of LCG genes is ~ 6-fold lesser than that of HCG genes 
Analysis of human intergenic regions
We analyzed the distribution of CpG O/E in intergenic regions of the human genome. Intergenic regions were defined as regions that are at least 5000 bps away from any gene in the "UCSC gene" and "Ensembl gene" annotation tracks in the UCSC genome browser (Karolchik et al. 2008 ). The "UCSC gene" track consists of genes from RefSeq, GenBank and Uniprot. The "Ensembl gene" track consists of genes from the ensembl gene annotation pipeline. There were 15378 intergenic regions with medial length of 29449 bps. The distribution of intergenic CpG O/E ( Figure S1 ) is similar to that of intragenic CpG O/E (Figure 1 in main text) . The median intergenic CpG O/E is 0.17, indicating heavy methylation.
Distribution of promoter CpG O/E and intragenic CpG O/E for species with inaccurate gene annotations
For several species RefSeq gene annotations (Pruitt, Tatusova, and Maglott 2007) were not available or very few RefSeq genes were available (e.g., Strongylocentrotus purpuratus). The results from these species are presented here. When RefSeq genes are not available, we used gene annotations from Ensembl (Hubbard et al. 2002) , except in the case of lizard where we used human genes mapped to the lizard genome (Supplementary Table 1 ). The results from invertebrate genomes S. purpuratus and C. Savignyi (Supplementary Figure S2) were similar to that from C. intestinalis (Figure 1 in main text) . Results from lizard (Supplementary Figure S2) were similar to that from other vertebrates (Figure 1 in main text) . Although the fugu genome is globally methylated, some previous studies failed to detect CpG clustering in its genome (eg. Glass et al. 2007 ). In contrast, we found that the bimodal distribution is a better fit to the promoter CpG O/E distribution than the unimodal distribution (Supplementary Figure S2) .
However, considering the different methods and annotations used by the previous studies and inaccurate annotation used here, these results must be taken with caution. We stress that even the absence of a bimodal distribution of promoter CpG O/E in fugu genome does not counter our proposal that bimodality emerged early in vertebrate evolution. Given the fact that distantly related vertebrate taxa (including zebrafish) exhibit a bimodal distribution of promoter CpG O/E (Figure 1 in main text), it is more likely that fugu has either lost bimodality or the bimodality is undetectable because fugu promoters are much smaller than the 600 bp region considered in this study. Given the compact genome of fugu (Aparicio et al. 2002) , the latter possibility appears to be more likely. The fugu genome clearly requires a more detailed analysis, perhaps when more accurate, experimentally verified transcription start site annotations become available.
Bimodal distribution of promoter CpG O/E in vertebrates is not caused by underlying
G+C Content
To test if the bimodal distribution of promoter CpG O/E is caused by G+C content, we first plotted the histogram of promoter G+C content in zebrafish, frog, chicken and human (Supplementary Figure S3A) . The distribution of G+C content in zebrafish, frog, and human are clearly unimodal, indicating that the bimodal distribution of CpG O/E is not caused by G+C content in these species. Only in the case of chicken, the distribution was not clearly unimodal.
However, a scatter plot of promoter G+C content vs. CpG O/E (Supplementary Figure S3B) shows that a major fraction of low CpG content promoters (LCG class) exhibit high G+C content (greater than 0.5) in both human and chicken genomes. This indicates that G+C content is not the cause of bimodal CpG O/E distribution in these species.
Comparison of CpG content in introns and LCG promoters
It should be noted that although CpG O/E of LCGs are similar to but not exactly the same as the 
Analysis of human exon array expression data
For the human genome, we analyzed exon array expression data from 6 tissues ). Gene expression levels obtained from exon arrays are more accurate Xing et al. 2007 ) compared to that from 3' arrays data used in gene atlas (Su et al. 2004 ).
Because of the limited number of tissues for which the expression data is available, we used tissue specificity index (Yanai et al. 2005 
